the advantages of different modalities are exploited. Further studies should analyze the impact of within-feedback design parameters and the transferability of the results to other tasks in sports and rehabilitation.
Introduction
Finding effective ways to accelerate learning of movements is of interest in different fields such as surgery, motor rehabilitation, and sports. A widely discussed strategy for enhancing motor learning is the provision of augmented (extrinsic) feedback (Sigrist et al. 2013a; Wulf and Shea 2002) , i.e., feedback about the results or performance that is provided by an external source such as a trainer, a therapist, or a display (Schmidt and Wrisberg 2008) . Kinematic and kinetic variables of the human movement are fed back in different modalities by various displays, e.g., by visual displays, auditory displays (headphones, speakers), or haptic displays (robots) (Sigrist et al. 2013a) . Most related studies have used visual feedback to investigate the effects of different feedback schedules, e.g., when and how often a feedback should be provided. Thereby, unimodal visual feedback was dominantly applied (Sigrist et al. 2013a ). The latest sports simulators such as the rowing simulator used in this study (Rauter et al. 2010 von Zitzewitz et al. 2008 ) allow for the investigation of not only unimodal feedback, but also multimodal feedback of complex tasks in a controllable environment (Holden 2005; Sigrist et al. 2013a ). The first aim of this study on rowing was to evaluate feedback designs that were developed based Abstract Concurrent augmented feedback has been shown to be less effective for learning simple motor tasks than for complex tasks. However, as mostly artificial tasks have been investigated, transfer of results to tasks in sports and rehabilitation remains unknown. Therefore, in this study, the effect of different concurrent feedback was evaluated in trunk-arm rowing. It was then investigated whether multimodal audiovisual and visuohaptic feedback are more effective for learning than visual feedback only. Naïve subjects (N = 24) trained in three groups on a highly realistic virtual reality-based rowing simulator. In the visual feedback group, the subject's oar was superimposed to the target oar, which continuously became more transparent when the deviation between the oars decreased. Moreover, a trace of the subject's trajectory emerged if deviations exceeded a threshold. The audiovisual feedback group trained with oar movement sonification in addition to visual feedback to facilitate learning of the velocity profile. In the visuohaptic group, the oar movement was inhibited by path deviationdependent braking forces to enhance learning of spatial aspects. All groups significantly decreased the spatial error (tendency in visual group) and velocity error from baseline to the retention tests. Audiovisual feedback fostered learning of the velocity profile significantly more than visuohaptic feedback. The study revealed that well-designed concurrent feedback fosters complex task learning, especially if on the current knowledge of motor learning research and that exploited advantages of different sensory modalities. The second aim was to test the potential benefits of multimodal feedback in a task related to sports and rehabilitation deduced from basic research on perception and action (Alais and Burr 2004; Burke et al. 2006; Carson and Kelso 2004; Ernst and Banks 2002; Seitz and Dinse 2007; Shams and Seitz 2008; van Beers et al. 1999; Wickens 2002) . It was tested whether the addition of auditory or haptic feedback to visual feedback would facilitate or hamper motor learning as compared to visual feedback alone. Intersensory facilitation, i.e., the more precise and faster perception of multimodal than unimodal stimuli (Carson and Kelso 2004) , and multimodal integration, i.e., the optimal weighting of sensory information by the nervous system (Alais and Burr 2004; Ernst and Banks 2002; van Beers et al. 1999) , may benefit the learning process. In contrast, additional feedback modalities may hamper learning due to cognitive overload or distraction (Sigrist et al. 2013a) .
For simple tasks, frequent terminal augmented feedback (provided after task execution) or concurrent augmented feedback (provided during task execution) was found to increase performance during training. However, performance dropped dramatically when the feedback was withdrawn (Schmidt and Wulf 1997; van der Linden et al. 1993; Winstein et al. 1996 ). This phenomenon was described as the guidance hypothesis predicting the dependency of the subject on the augmented feedback (Salmoni 1984; Schmidt 1991; Schmidt et al. 1989 ). Important aspects of task-related information are ignored during feedback training such as environmental or task-inherent cues and intrinsic feedback, i.e., proprioception. However, concurrent feedback has been found to be effective for learning more complex tasks (Kovacs and Shea 2011; Marschall et al. 2007; Sigrist et al. 2013b; Snodgrass et al. 2010 , Swinnen et al. 1997 Todorov et al. 1997; Wishart et al. 2002; Wulf et al. 1998 Wulf et al. , 1999 . It is assumed that concurrent feedback facilitates the discovery of skills required for the novel task (Huegel and O'Malley 2010; Liebermann et al. 2002) and the understanding of the novel structure of the task (Braun et al. 2010; Wolpert and Flanagan 2010; Wolpert et al. 2011) . Concurrent feedback can provide guidance through the complex movement and intuitively present the task requirements (Lüttgen and Heuer 2013; Sigrist et al. 2013a) . Therefore, in this study, concurrent feedback is applied to enhance learning of a complex task.
Besides inducing a dependency, concurrent feedback can also force instantaneous corrections of task-irrelevant errors that appear randomly (Liu and Todorov 2007; Todorov 2004; Todorov and Jordan 2002; Wei and Körd-ing 2009; Wolpert et al. 2011 ) and originate from noise in the motor system (van Beers 2009). Consequently, the taskrelevant parameters that determine the spatial and temporal features of the structure of the movement are not improved, as has been shown for complex trajectory learning (Sigrist et al. 2013b) . In contrast to concurrent feedback, terminal summary feedback, which comprises feedback on a certain number of completed trials (Wulf and Shea 2002) , was found to be effective (Schmidt et al. 1989) as it makes systematic, repeated errors apparent. Terminal feedback allows the subject to relate their own prior performance to their actual performance, which may enhance self-estimation. Self-estimation was found to be important for motor learning (Guadagnoli and Kohl 2001; Liu and Wrisberg 1997; Swinnen et al. 1990) . Therefore, in this study, a trace of the performed movement is displayed in order to combine the benefits of concurrent and terminal feedback (Blandin et al. 2008; Sigrist et al. 2013a, b) .
According to the specificity of learning hypothesis (Proteau 1992), the optimal source of sensory information is used to perform a movement. Commonly, augmented feedback provides reliable information to allow high performance during training. As a consequence, less reliable information that would also be available in conditions without augmented feedback such as kinesthetic information is surpassed. As a result, performance in non-feedback conditions drops as the most reliable information source of the feedback training is lacking. Ideally, feedback designs should therefore guide the subject toward the target movement without diminishing kinesthetic information processing (Robin et al. 2005; Wei and Körding 2009) . Consequently, the linkage of landmarks or key features of the motor task to kinesthetic information should be emphasized in order to facilitate the recall in conditions without feedback (Sigrist et al. 2013a) . Relatedly, the training conditions should match the testing condition (Ronsse et al. 2011) . These requirements can be partly met by so-called bandwidth feedback (Ribeiro et al. 2011; Timmermans et al. 2009 ) since it is only displayed if the error exceeds a certain threshold. Therefore, in this study, a bandwidth feedback strategy is incorporated in the design of the visual feedback. This visual feedback is compared to multimodal feedback, i.e., visual feedback that was enhanced with auditory or haptic feedback.
Multimodal augmented feedback is believed to have several advantages over unimodal feedback. Information can be better processed if it is distributed to different modalities as people have different cognitive resources for information processing (Burke et al. 2006; Wickens 2002) . Human senses are very specialized for different information. Spatial information is perceived more precisely through vision than audition (Freides 1974; Welch and Warren 1980) while audition is effective to perceive periodicity, regularity, and speed of motion (Kapur et al. 2005; Kramer 1994 ). Auditory feedback can help keep the focus on the task (Secoli et al. 2011) or guide the attention toward specific aspects of the movement (Schaffert et al. 2011) . Haptic feedback is the only bidirectional modality (Hale and Stanney 2004; Minogue and Jones 2006) , i.e., it can physically alter, disturb, or assist the movement of the subject. However, knowledge on the effects of multimodal feedback is limited, in particular, in complex motor task learning related to sports or rehabilitation (Sigrist et al. 2013a ). On the one hand, studies on cross-modal integration suggest that multimodal feedback enhances perception (Seitz and Dinse 2007) and action (Carson and Kelso 2004) , which may facilitate learning. On the other hand, as multimodal perception of the environment is critical to perform the task, augmented feedback provided in the same modalities may cognitively overload the learner or distract the learner from perceiving intrinsic feedback (Sigrist et al. 2013a ). Therefore, in this study, unimodal visual feedback, which is the most common form of augmented feedback, is compared with the combination of visual feedback with auditory feedback (in the form of movement sonification), and with haptic feedback in order to exploit modality-specific advantages (Huang et al. 2005; Welch and Warren 1980) . Movement sonification represents the mapping of a measured kinematic or kinetic variable to an audio variable such as amplitude or frequency. When the value of a variable changes, the sound is altered according to the underlying mapping function. Movement sonification has already been demonstrated to enhance the perception (Effenberg 2005; Schmitz et al. 2013) ; performance (Schaffert et al. 2011) , and learning of dynamic/temporal aspects of a movement (Chollet et al. 1992 ). This enhancement is based on audio-motor coupling (Brown and Palmer 2012) , i.e., the auditory and motor systems are co-activated when a movement and its related sound is produced, even if only one system is excited (Kim et al. 2008; Schmitz et al. 2013; Seitz et al. 2006; Shams and Seitz 2008; Zatorre et al. 2007) . It is assumed that motor imagery may lead to coactivation of auditory and motor brain regions, especially if an association between movement and sound is well learned (Zatorre et al. 2007 ). Vice versa, imagination of the sound associated with a movement, i.e., the movement sonification, may facilitate the recall of the movement (Ronsse et al. 2011; Sigrist et al. 2013a ) as auditory imagery is believed to contribute to motor planning (Hubbard 2013) . Therefore, in this study, it is tested whether the addition of movement sonification to visual feedback enhances retention of dynamic aspects more than visual feedback alone.
Haptic feedback has often been applied to guide through correct movements, allowing different grades of freedom in the movement [see (Marchal-Crespo and Reinkensmeyer 2009; Sigrist et al. 2013a) for reviews]. However, completely haptically guided movements can make subjects passive (Israel et al. 2006) and cause them to rely on the provided assistance (Marchal-Crespo and Reinkensmeyer 2008a; Reinkensmeyer et al. 2009 ). An alternative approach to haptic guidance is the application of error or movement amplification (Chen and Agrawal 2013; Huang and Patton 2013; Patton etal. 2006) . As learning is error-driven (Thoroughman and Shadmehr 2000) , an optimal amplification of the perceived movement error accelerates the learning process (Cesqui et al. 2008; Emken and Reinkensmeyer 2005; Milot et al. 2010; Patton et al. 2006 Patton et al. , 2013 . Furthermore, motor learning should force the internalization of proprioceptive information of correct movements (Chiviacowsky and Wulf 2007; Winstein 1991) . Therefore, for this study, a reactive haptic feedback is designed that emphasizes the perception of the error without amplifying it. The movement is hindered by generating an increasing counterforce when the spatial deviation from the trajectory is increased. The counterforce is not applied when the movement was directed toward the trajectory. This reactive haptic feedback design was inspired by a "path of least resistance" concept, and the design was assumed to prevent passiveness and thus increase the involvement of the subject in the training process (Wulf 2007) . It is supposed that the haptic reactive feedback can force the subject to remember how counterforces can be avoided in the next movement trial, i.e., to effectively adjust the structure of the task (Braun et al. 2010; Wolpert and Flanagan 2010; Wolpert et al. 2011) . Thus, in this study, haptic feedback is added to enhance proprioception, involvement, and correction of the accentuated movement error.
So far, investigations on augmented feedback have mostly focused on tasks that were rather simple, appear artificial, lacked interaction with a realistic environment, or involved only a low number of muscles and limbs (Sigrist et al. 2013a) . Since the transfer of conclusions derived from studies on simple, artificial task to complex task learning in sports and rehabilitation is limited (Guadagnoli and Lee 2004; Winstein 1991; Wulf and Shea 2002) , it is worth investigating augmented feedback in complex tasks (Krakauer and Mazzoni 2011; Sigrist et al. 2013a; Wolpert et al. 2011) . Therefore, a rowing simulator was developed that features rendering of a realistic landscape, soundscape, and water resistance at the blade. The realistic multimodal interactions in the simulator enable the investigation of real rowing in a controlled environment (Rauter et al. 2010 , 2013 , von Zitzewitz et al. 2008 . In this study, the simulator was used to investigate the effectiveness of augmented visual, audiovisual, and visuohaptic feedback that was provided in addition to the rendered scenario with regard to learning a complex task related to sports. As all three feedback designs included the same visual feedback, the benefit of additional auditory or haptic feedback can be determined. The investigated task, i.e., trunk-arm rowing, has a high functional complexity (Guadagnoli and Lee 2004) as the subjects were naïve and the movement is multidimensional and incorporates a complex velocity profile. In a common rowing training situation, a coach teaches the athlete a certain rowing technique. Thereby, the coach has a certain textbook technique in mind that includes a textbook oar movement, i.e., a reference oar movement. This textbook technique is commonly agreed on to lead to the fastest boat propulsion. This is especially of importance for a group sports like rowing, where all athletes have to use the same technique in order to minimize interference with each other while maximizing boat propulsion. Without the augmented (e.g., verbal) feedback of the coach, an athlete would not be able to learn this textbook technique. Thus, in this study, instead of training with a coach, a reference oar movement was taught to the subjects through augmented concurrent feedback provided by visual, auditory, and haptic displays.
Augmented feedback was applied during training sessions in addition to the rendered scenario, i.e., in addition to the intrinsic feedback. The augmented visual, auditory (sonification), and haptic feedback disappeared for the most part when the movement was performed correctly. Consequently, when the movement was performed correctly in the feedback conditions, the subject perceived only the rendered scenario, as in non-feedback conditions. The visual feedback aimed at forcing a focus on task-relevant aspects while minimizing a dependency on the feedback. Therefore, transfer of mastered skills to conditions without feedback, i.e., learning, was hypothesized. The audiovisual feedback consisted of the visual feedback and a sonification of the oar movement. Audiovisual feedback is hypothesized to boost learning of the velocity profile compared to visual feedback alone, as the sonification is expected to be remembered in non-feedback conditions. For the visuohaptic feedback, a reactive force that depended on the deviation from the target path was applied on top of the rendered water resistance. The reactive force was expected to enforce involvement and to direct the focus on proprioception. Thus, the spatial aspects of the movement were hypothesized to be learnt better with visuohaptic feedback than with visual feedback only. However, task-inherent forces, i.e., the rendered water resistance, can alter the perception of the forces of the augmented haptic feedback (MarchalCrespo and Reinkensmeyer 2008a) . Therefore, the effects of the haptic feedback on learning the movement during the phase when the blade was in the water were expected to be smaller than outside the water. The multimodal feedback designs did not contain additional information about the performance in comparison with the visual feedback. However, the additional auditory feedback was intended to facilitate perception of temporal aspects and the additional haptic feedback of spatial aspects of the movement. In general, it was hypothesized that multimodal feedback is more effective than unimodal visual feedback to learn the complex movement due to intersensory facilitation and exploitation of modality-specific advantages.
Methods

Subjects
A total of 24 subjects (7 females, 17 males, 21-33 years, mean age 26.1 years, SD 3.0 years) were recruited, mainly from the university (students). The subjects were healthy, had normal hearing and normal or corrected-to-normal vision. All subjects had no prior experience with the task and confirmed to be non-rowers and to do at least half an hour of sport per week. They were randomly assigned to one of three training groups including eight participants each, i.e., either to the visual feedback group (V; 2 females, 6 males, 21-33 years, mean age 26.1 years, SD 4.4 years), audiovisual feedback group (VA; 3 females, 5 males, 22-30 years, mean age 26.8 years, SD 2.9 years), or the visuohaptic feedback group (VH; 2 females, 6 males, 24-28 years, mean age 25.4 years, SD 1.3 years). The subjects signed an agreement following the guidelines of the local ethics commission, which had approved the study.
Apparatus and task
In our laboratory, a realistic rowing simulator utilizing a tendon-based parallel robot has been developed ( Fig. 1 ) . A real but trimmed rowing boat was placed in the middle of a Cave Automated Virtual Environment (CAVE). A visual ocean scenario and augmented visual feedback was programmed (Unity) and projected on three screens (4.4 m × 3.3 m, projectors: Projection Design F3+, Norway) surrounding the boat in U-form (update rate always >30 fps). Auditory rendering of the oar-water interaction and movement sonification (C++) was updated at ~30 Hz and displayed through standard stereo headphones (frequency range: 14 Hz to 26 kHz). Haptic simulation of the water resistance and haptic augmented feedback was implemented on a tendon-based parallel robot with a MATLAB/Simulink ® model running on an xPC target at 1,000 Hz. In this study, portside sweep rowing was simulated, i.e., the subject manipulated a single oar with both hands. This trimmed oar was connected to the five ropes of the rope robot at the outer end and virtually elongated on the screens. The horizontal and vertical oar angles were calculated based on the end-effector positions. By moving the oars through the rendered water, a subject was able to accelerate and decelerate the boat in the virtual environment.
Subjects were asked to learn a complex oar movement by using their trunk and arms. Such so-called trunk-arm rowing is often used as a warm-up exercise and also as a technical exercise in rowing trainings. The target rowing cycle in trunk-arm rowing consists of two phases with particularly different challenges (Fig. 2) . In the drive phase, the blade is in the water. Effort is needed to pull the blade through the water quickly, whereby the blade is meant to be completely covered by water just at its deepest point. During the recovery phase, the blade is outside the water. The movement is slower and less effort is required compared to the drive phase. However, the straight horizontal blade movement at constant height is challenging to coordinate with the trunk and arms (Fig. 2, top) . The combination of the fast drive phase and the slow recovery phase results in a complex oar velocity profile that is difficult to perform, particularly because of the change of media, i.e., water and air (Fig. 2, bottom) . Blade rotation was not included. The target movement was prerecorded from an expert rower. In post-processing, the trajectory was smoothed in space and velocity to form a cyclic C 2 continuous trajectory, i.e., a cyclic trajectory that can be continuously differentiated two times. The trajectory was adapted to a movement range at the oar handle center of 0.67 m (≙ 44°) horizontally and 0.19 m (≙ 12.5°) vertically that could be performed by subjects taller than ~1.65 m (inclusion criteria). The target movement was fit to a typical training stroke rate of 24 strokes per minute. During the whole study, the seat was fixed at a position where the subject's legs were extended.
Augmented feedback designs
For the visual feedback, a blue, virtual oar showed the target movement on the screen on portside at the target position and at the target velocity (Fig. 1) . The transparency of the blue oar was linearly mapped onto the angular distance to the own oar (0° deviation: 100 % transparent; |horizon-tal deviation| + |vertical deviation| > 57.3° deviation: 0 % transparent, whereby the blue oar was clearly visible on the screen at a deviation greater than 4°). Additionally, a terminal feedback in form of a trace was drawn at locations where any part of the blade deviated more than 3.6° vertically or 1.9° horizontally from the target trajectory depicted in Fig. 2 , top (nearest neighbor calculation; the values differ because the blade is higher than it is wide). The trace was built with single 3D-markers (see Fig. 1 ), which desaturated linearly until they disappeared after 8 s (>3 target cycles). Moreover, the larger the deviation of the 3D-markers from the trajectory, the less green they were and the more reddish they appeared (deviations > 11.5°: completely red). In other words, the more the own oar deviated from the blue target blade and the more the oar deviated from the trajectory, the less transparent the blue target oar appeared and the more the trace was drawn. Vice versa, if the oar was moved exactly synchronous with the blue target oar and on the trajectory, the subject could only see the own oar moving in the scenario.
The auditory feedback was based on the sonification of the oar movement. The horizontal oar angle was mapped linearly with a change of frequency when the oar was outside the water. The frequency of a violin sound of the target movement ranged from 54.5 to 91.58 Hz, i.e., approximately A (A1) to Fis (F#2). A purling sound was played when the blade was in the water. In the transition phase from air to water and vice versa, the amplitude of the violin or purling water sound was faded in or out, respectively. Subjects were asked to synchronize the own movement displayed on the right headphone to the sonified reference oar movement displayed on the left headphone. In conditions without feedback, only the purling sound of the own oar was rendered. Even though the oar angles were used as an input for the mapping function, the sonification was expected to represent the dynamic aspects of the oar movement as changes of the oar angles were dominantly perceived. The haptic reactive feedback was based on an elastic torque field (τ elast ) of a path controller. The elastic torque field for the path controller was calculated in real time from the negative gradient of a potential field. The current magnitude of the potential field increased with the distance to the path, i.e., to the target trajectory [see ) for a more detailed description of the elastic torque field]. The controller applied resistive torques against the end-effector movement when the end-effector moved away from the target trajectory (Eq. 1, i). A dead zone was defined around the target trajectory, i.e., no resistive forces were perceivable for deviations smaller than ~1°. Consequently, within the dead zone, the subject felt the normal water resistance when the blade was in the water and no resistance when the blade was in the air. When the end-effector approached the target trajectory, an elastic torque field pushed the end-effector toward the target trajectory (Eq. 1, ii):
The parameters of the feedback designs (e.g., deviation threshold for trace, mapping function of sonification, gains of the haptic reactive feedback) were set based on the best knowledge gained from a systematic evaluation of feedback in pilot studies and prior studies (Sigrist et al. , 2013b .
Experimental protocol
Subjects were asked to come to the laboratory on three consecutive days. On Day 1, following general instruction, one investigator explained the handling and safety features of the simulator to the subject.
The instruction of the target movement to the subject before the baseline test was done with robotic guidance, i.e., a position controller moved the oar through the target trajectory with the target velocity profile. The position controller comprised a proportional component (P pos = 6000 Nm/rad) and a derivative component (D pos = 170 Nms/rad) that corrected for position and velocity errors between the measured and target horizontal and vertical oar angles and velocities at the end-effector, i.e., at the end of the trimmed oar.
As a first instruction, the investigator sat in the boat and demonstrated the movement to the subject. Thereby, the (1)
robot guided the movement with the position controller for ~30 s. This primary instruction was meant to familiarize the subject with movement range and velocity, i.e., to prevent the subject to be taken by surprise. As a second instruction, the subject sat in the boat, held the oar with both hands, and experienced the robot-guided oar movement for 180 s (≙ 72 target cycles). The subject was asked to learn the movement since they would be requested to reproduce the movement trajectory and velocity profile in a subsequent baseline test. Subjects were not instructed on how to use the robot-guided exemplary movement, i.e., on being active or passive or on what to focus. During the instruction, the visual scenario with the virtually elongated oar of the subject and the purling sound of the blade in the water were rendered.
In the following baseline test of 180 s (≙ 72 target cycles), the subjects rowed without robotic guidance. Thus, the subjects were asked to perform the movement by remembering the instruction, i.e., they relied on intrinsic feedback. As in all subsequent tests or training sessions, the visual scenario, the purling sound of the own oar on the right headphone, and the water resistance were rendered. After the baseline test, the subject was instructed about the visual, audiovisual, or visuohaptic augmented feedback, depending on the subject's group adherence. The subject could familiarize with the feedback for ~60 s by moving the oar. Five training sessions followed. One training session consisted of training that was enhanced with augmented feedback (feedback training) lasting 180 s (≙ 72 target cycles), and training without feedback (non-feedback trials) lasting 60 s (≙ 24 target cycles). A break of ~25 s was included between feedback training and non-feedback trials. Day 2 started with a retention test of 180 s, which was identical to the baseline test, followed again by five training sessions. On Day 3, another retention test of 180 s was conducted. A long-term retention test was not included as in a previous study on a related rowing-type task, no significant differences between a one-day retention test and a seven-day retention test were found (Sigrist et al. 2013b) . Thereafter, subjects were asked to complete a short questionnaire about feedback comfort, practicability, level of activity, and their learning strategy.
In the baseline test, retention tests, and non-feedback trials, the subjects were verbally asked to increase or decrease the stroke rate, if they left the range of 22-26 strokes/ min in order to avoid effects on performance caused by a speed-accuracy trade-off. There were no restrictions on the stroke rate during the feedback training.
Data analysis
Kinematic data
Kinematic data, i.e., the vertical and horizontal oar angles measured by the robot at 100 Hz, were analyzed in custom-written programs in MATLAB (MathWorks, Natick, Massachusetts, USA). The first five cycles and the last cycle of each condition, i.e., of the baseline test, feedback trainings, non-feedback trails, and retention tests were excluded from the analysis in order to avoid transition effects (subjects needed time to accelerate to a steady state). Cycles beyond 22-26 strokes/min were excluded from the baseline test, retention tests, and non-feedback trials (V: 19.81, VA: 18.00, VH: 18.75 % of all cycles excluded). During the feedback training sessions, from time to time, the subjects interrupted or shortcut the movement to synchronize with the target movement. Therefore, for the feedback training, cycles below 18 strokes/min and above 30 strokes/min were excluded (V: 0.02, VA: 0.18, VH: 0.11 % of all cycles excluded). The data of the last two non-feedback trials and the last feedback training of one subject of VH were lost.
Measured data were divided into cycles (rowing strokes). Cycles of the feedback training were thereby divided at the point in time corresponding to the minimal horizontal angle of the target movement. In the conditions without feedback, cycles were divided at the point in time corresponding to the minimal horizontal angle of the subject's movement, as an online target movement was missing. The cycles were resampled to 125 data points (50 Hz) and compared to the target cycle consisting of 125 data points.
Different variables were extracted from the oar angles to evaluate the subjects' spatial and temporal performance. To extract an overall spatial error, the measured oar movement of the subject was compared to the target oar movement by using a spatiotemporal analysis with dynamic time warping (DTW) (Giese and Poggio 2000) . Time warping avoids overestimation of errors arising from small temporal shifts between the measured and target movements in contrast to calculating the error sample by sample, i.e., between samples with the same index (Vlachos et al. 2003) . To obtain sample correspondence, DTW provides the possibility of weighting the impact of temporal shifts and spatial errors (distance between corresponding samples). In this study, the weighting of the temporal shifts was set to zero, i.e., the cost function minimized the spatial errors of the subject's performance considering the sequential order of the measured data points (Giese and Poggio 2000) . Therefore, the spatial error could be calculated while the continuity of the movement (causal temporal order of samples) was assured. The spatial error extracted with DTW was used to describe the spatial error of entire rowing cycles, i.e., the overall spatial error (Fig. 3, left column) . The trajectory had two distinct phases, i.e., the drive phase and the recovery phase (Fig. 2, top) . The spatial error was calculated by applying DTW analysis also in these two phases separately in order to get a more detailed insight. To extract a temporal error (the velocity error), DTW was used analogously: Deviations between the absolute value of the measured and the target oar angle velocity profile were calculated (Fig. 3 , right column).
Questionnaire
The questionnaire answers given by the subjects after the retention test on Day 3 assessed two aspects. Firstly, they could rate the comfort to train with the feedback, how useful it was for learning the task and how active they were in using the feedback. The answer scale ranged from 1 (not at all) to 7 (very much). Secondly, on Day 3, subjects were asked about their strategy for recalling the movement and could choose one answer out of seven: (1) demonstration of Day 1, (2) landmarks in the virtual reality (VR), (3) real landmarks, (4) sounds in the VR, (5) real sounds, (6) their feeling, or (7) other.
Statistical analysis
Statistical analysis was performed with IBM PASW Statistics 20 (IBM Corp., New York City, USA). For each cycle, mean absolute errors were calculated for each variable, i.e., overall spatial error, spatial error drive phase, spatial error recovery phase, and velocity error. A mean value of each variable was then calculated for each condition, i.e., baseline test, retention test, feedback training, or non-feedback trial. The subjects' mean values of each variable were used as an input for the statistical analysis, resulting in 24 mean values of each variable in each condition (three groups of eight subjects).
One-way ANOVA was used to assess whether groups differed significantly at the baseline test on Day 1 in any variable. Tukey HSD post hoc tests were used for multiple comparisons.
A linear mixed-model design was used to compare performance between groups during feedback training and non-feedback trials. The group was set as the fixed factor and the two training days and five repetitions on each day as the random factors. Multiple comparisons between groups were performed with Tukey HSD post hoc tests. A mixed-model design was also used to analyze performance during training with feedback and the non-feedback trials within each group. Feedback on/off (feedback training or non-feedback trial) was set as the fixed factor and the two training days and five repetitions on each day as the random factors.
Repeated-measures ANOVA was used on the baseline and retention tests to assess interaction (3 groups × 3 tests) and between group effects (3 groups). Follow-up repeatedmeasures ANOVA was also used to assess learning within each group. Post hoc Bonferroni test was applied for multiple comparisons between the tests. Violations of sphericity were corrected using Greenhouse-Geisser correction.
One-way ANOVA was also used to assess whether the groups differed in the learning rate R, i.e., the improvements from baseline test on Day 1 to the retention test on Day 2 (R bl1 to re2 ), from baseline on Day 1 to the retention test on Day 3 (R bl1 to re3 ), and from the retention test on Day 2 to the retention test on Day 3(R re2 to re3 ). The learning rate was normalized by the skill level before the training sessions.
Group differences in the questionnaire answers on the comfort and usability of the feedback designs and on its active usage were analyzed with a Kruskal-Wallis test. Group effects on the questionnaire answers on what subjects' recalled in order to perform the movement were evaluated with a Chi-square test. Two-sided p values below 0.05 were considered to indicate significance, and p values below 0.1 to indicate tendencies in all statistical tests.
Results
One-way ANOVA showed no significant difference between groups in any variable at the baseline test.
Training sessions
For training with feedback, the univariate mixed-model ANOVA resulted in significant main effects of group in all variables, except spatial error in drive phase. Post hoc Tukey HSD tests revealed significantly smaller overall spatial error for VH than V and significantly smaller spatial error during recovery for VA and VH than for V. Velocity error significantly differed between all groups, whereby VA showed the smallest and VH the highest error ( Fig. 4 ; Table 1 ).
In non-feedback trials, main group effects were found for overall spatial error and velocity error. Spatial error was significantly smaller for V than for VH. Velocity error was significantly smaller in V and VA compared to VH (Fig. 4 ; Table 1 ).
All groups had significantly lower overall spatial errors and spatial errors during recovery in the feedback training than in non-feedback trials. Furthermore, VH had also lower errors during the drive phase in the feedback training than in the non-feedback trials. In V and VH, the velocity error was higher in training with feedback than in the nonfeedback trials ( Fig. 4; Table 1 ).
Baseline to the retention tests
Repeated-measures ANOVA on the baseline test, retention test on Day 2, and retention test on Day 3 revealed no significant interaction of group × test and no main effect for group in any variable. However, the main effects of test (baseline test, retention test on Day 2 and on Day 3) were significant for all variables, showing a decrease in the errors along the tests. For V, follow-up repeated-measures ANOVA within the group revealed significant main effects for velocity error and tendencies for spatial error during drive and for overall spatial error. Within VA, a significant main effect was found in all variables, i.e., a decrease in the spatial errors and velocity 1 3 error over the tests. VH significantly decreased errors in all variables except spatial error during drive ( Fig. 5 ; Table 2 ).
One-way ANOVA on the learning rate found a main effect of group for velocity error from the baseline test on Day 1 to the retention test on Day 2 (F (2,21) = 4.31, p = .027, η p 2 = .291). Tukey HSD post hoc tests revealed a significantly higher learning rate for VA compared to VH (p = .022). A main effect for velocity error was also found from baseline test on Day 1 to the retention test on Day 3 (F (2,21) = 4.13, p = .031, η p 2 = .282). Again, Tukey HSD post hoc tests revealed a significantly higher learning rate for VA compared to VH (p = .034). No further differences of learning rate between the groups were found (Fig. 5) .
Questionnaire answers of the subjects On average, the visuohaptic feedback was rated as less comfortable than the visual and audiovisual feedback. All groups rated their feedback to be similarly useful, and they were similarly active in using the feedback. In the retention test on Day 3, 5 of 8 subjects of VA relied on their feeling to recall the movements. V and VH relied more on visual landmarks in the VR scenario (Fig. 6) . Statistical analysis did not reveal any significant group effects on the questionnaire answers.
Discussion
The augmented feedback designs used in this study were expected to facilitate complex motor learning in rowing. As hypothesized, the training with unimodal visual feedback was effective, shown by a tendency in the reduction of the overall spatial error and by a significant reduction of the velocity error from the baseline test to the retention tests. The addition of auditory feedback was expected to boost learning of the velocity profile since sonification mediates dynamic aspects of a movement. Additional haptic feedback was hypothesized to foster learning of spatial aspects due to enhanced perception of spatial errors and due to increased involvement. Both multimodal feedbacks significantly reduced the overall spatial error and velocity error in retention tests. However, as visual feedback alone was already effective, the benefits of additional sonification or haptic reactive feedback were more subtle. Effects in the training sessions
From time to time, subjects of V and VH were observed to ignore the moving target oar for some cycles, which resulted in significantly higher velocity errors compared to the non-feedback trails. It seems that the focus of V and VH lied dominantly on staying on the path, i.e., on minimizing spatial errors, because the trace (and haptic reactive feedback for VH) was clearer to perceive than the moving target oar. Concerning spatial aspects of the movement in the training sessions, all groups performed better with the feedback than without ( Fig. 4 ; Table 1 ), supporting the guidance hypothesis (Salmoni 1984; Schmidt 1991; Schmidt et al. 1989 ). This is not surprising, even though the visual feedback was blurred and only provided beyond a deviation threshold. The feedback was clearly perceivable to perform the complex movement more precisely than in non-feedback trials. Compared to V and VH, VA performed significantly better during feedback training concerning movement velocity ( Fig. 4; Table 1 ), confirming an excellent "action-listing" mechanism (Lahav et al. 2007 ) fostered by movement sonification (Schaffert et al. 2011) . As reported by others (Schaffert et al. 2011; Secoli et al. 2011) , the auditory feedback guided the focus on a specific aspect, in this case toward the movement velocity as intended. VA showed no significant differences between feedback training and nonfeedback trials in the velocity error in contrast to V and VH ( Fig. 4; Table 1 ), which indicated a transfer of the trained velocity to non-feedback conditions. Thus, movement sonification seemed not to evoke a dependency on the feedback, which contradicts the guidance hypothesis. Furthermore, the additional auditory feedback did not overload the subjects since the feedback was used to improve performance. Therefore, not only experts perform better with sonification of their own movement (Chollet et al. 1992; Schaffert et al. 2011) , but also naïve subjects, at least if a reference movement is also sonified and played concurrently to the own, sonified movement, and if combined with visual feedback.
Not surprisingly, VH showed the highest velocity error during training with feedback as the reactive feedback hindered fluent movement execution when subjects deviated from the trajectory. The perceived reactive force may also have caused the worst rating in terms of comfort (Fig. 6) . Interestingly, three subjects of the VH group had extremely high errors in feedback training regarding the velocity error even on Day 2, which was not observed in any other group (Fig. 4, right) . Thus, the reactive feedback seems to be too challenging for some subjects and overload them, which was also observed in studies on error amplification (Cesqui et al. 2008; Milot et al. 2010) . The augmented feedback (in our case the magnitude of the reactive force) might thus have been more effective if it is adapted to the skill level of the subject (Huegel and O'Malley 2010; Krebs et al. 2003; Marchal-Crespo and Reinkensmeyer 2008b; Sigrist et al. 2013a) .
Learning from baseline to the retention tests As hypothesized, all feedback designs were effective in terms of learning the complex movement. The learning curves from baseline to the retention tests of all groups showed a significant decrease (VA, VH) or a tendency (V) to decrease in overall spatial error and significant decrease in velocity error ( Fig. 4; Table 2 ). It seemed that, as hypothesized, the visual feedback could intuitively instruct the novel, complex movement structure, which was indicated by an early error reduction from baseline to the non-feedback trials on Day 1. Thus, concurrent and frequent feedback does not necessarily hamper learning as postulated by the guidance hypothesis, if the feedback is well designed, i.e., the feedback should not overload the learner and allow the learner to process intrinsic feedback when the movement is performed correctly. Indeed, the visual feedback allowed the subjects to remember the correct movement by integrating all kinds of information that were also available in non-feedback conditions. This was possible because target oar and trace disappeared when the movement was correct, similar to bandwidth feedback (Ribeiro et al. 2011; Timmermans et al. 2009 ). It seems that the visual feedback did not block parallel processing of visual and kinesthetic information (Wei and Körding 2009) , calibration of proprioception (Buchanan and Wang 2012; Robin et al. 2005) , proprioception of correct movements (Chiviacowsky and Wulf 2007; Winstein 1991) , and the linkage of kinesthetic information with real and virtual landmarks (Sigrist et al. 2013a ) (Fig. 6, right) . Moreover, motivated by results of an earlier study (Sigrist et al. 2013b ), the visual feedback was designed to avoid the correction of task-irrelevant errors (transparent target, deviation-dependent trace) that originate from noise in the sensory-motor system (Schmidt 1991) . Thus, the visual feedback seemed to force learning of task-relevant aspects (trace width, trace color from red to green for increasing deviations). However, it remains unknown which aspects of the visual feedback design were indeed critical for successful learning and whether other thresholds and parameter settings can further enhance its effectiveness. Moreover, not only the design, but also the higher movement velocity compared to a prior study of the same task (Sigrist et al. 2013b ) might have limited taskirrelevant, local corrections (Schmidt and Wulf 1997) and thus allowed for successful learning.
It seems that, as hypothesized, movement sonification in addition to visual feedback facilitates the perception of the movement velocity more than visual feedback alone, while avoiding cognitive overload. Even though it cannot be claimed that the setting of the mapping function parameters of the sonification was optimal for every subject at the current skill level, the benefits of movement sonification in addition to visual feedback were substantial. VA decreased the velocity error already in the first non-feedback trials on Day 1 to a level that was never reached by VH and only hardly by V later in the study, i.e., on Day 2 (see Fig. 4 ). Moreover, VA showed significant learning from baseline to both retention tests ( Fig. 5; Table 2 ), the smallest velocity errors in the retention tests compared to V and VH (see Fig. 5 ), and a significantly higher baseline-corrected learning rate in velocity error than VH. Thus, movement sonification facilitated the movement in the retention tests, probably because the sound was kept in mind to perform the movement without feedback (Ronsse et al. 2011; Sigrist et al. 2013a ). The applied movement sonification did not mask the real (or rendered) sound from the environment (Schaffert et al. 2011 ), e.g., water sound, which enabled a linkage of "auditory landmarks" to the motor task (Sigrist et al. 2013a ). Perception of sound and action is strongly linked (Chen et al. 2008; Keysers and Gazzola 2010; Zatorre et al. 2007) , whereby a sound can imply movements (Schaffert et al. 2011 ). The metrically organized sound can be anticipated and allows motor prediction (Zatorre et al. 2007 ). The subjects may have used the sonification as an auditory model, which helped to develop an internal representation of the target coordination pattern (Kennedy et al. 2013) . Thus, the movement sonification became part of their internal movement representation and part of their feeling, on which five out of eight subjects of VA relied in the retention tests (Fig. 6) .
Recent studies have applied haptic guidance to effectively teach dynamic or timing aspects of a movement (Lüttgen and Heuer 2012a , b, 2013 , 2013 Milot et al. 2010) . In this study, haptic feedback was used differently, i.e., the bidirectional properties of the haptic feedback were applied to prevent passivity of the subject. A common path controller would have allowed the subject to slide passively along the path walls. In contrast, the reactive feedback applied in this study forced the subjects to actively seek the correct path and to remember it in order to avoid the reactive forces. Thus, the haptic feedback aimed to enhance the awareness of the movement error while preventing the subjects to deviate too much from the reference path. In contrast to V, and similarly to VA, VH significantly reduced overall spatial error and the spatial error during recovery. However, in general, the addition of the haptic reactive feedback neither showed higher learning rates nor smaller errors in the retention tests compared to the other groups (Fig. 5) . The subjects that were highly challenged by the haptic feedback might have focused more on coping with the current reactive forces than on remembering how to avoid them in a next trial, i.e., they were overloaded. Thus, reactive feedback might be most effective for subjects who appeared to be initially more skilled (Cesqui et al. 2008; Milot et al. 2010 ) and might not have involved all subjects as intended. Indeed, VH did not report to be more (nor less) active compared to V or VA during feedback training (Fig. 6) .
VH could significantly decrease the spatial error during recovery (and overall spatial error), but not during the drive phase (Fig. 5) . In contrast to the drive phase, in the recovery phase, no rendered water resistance was interacting with the haptic feedback. Consequently, in the recovery phase, the reactive feedback seemed to be much better perceivable and, assumingly, also more involving. In the drive phase, the water resistance masked the reactive forces. Therefore, a linkage of landmarks to the motor task (Sigrist et al. 2013a ) was facilitated only in the recovery phase. As concluded by others (Marchal-Crespo and Reinkensmeyer 2008a) , it remains challenging to design effective and unambiguous haptic augmented feedback on top of rendered task forces in a virtual scenario.
The addition of the haptic feedback seemed not to be practical for all phases of the rowing cycle and not for all subjects, at least in the form it was applied in this study. The expected advantage of the haptic feedback, i.e., the fact that it could not be ignored might have been a disadvantage, at least for over-challenged subjects who were overwhelmed. The haptic feedback always disturbed the movement when performing poorly. This was not the case for the subjects of VA who were allowed to switch the focus from training with visual feedback to auditory feedback from time to time without being disturbed by the other modality. While they focused on the sonification, it can be assumed that the temporal aspects were dominantly perceived, i.e., the change in the frequency representing the movement velocity. Thus, the sonification provided redundant information to the visual feedback regarding movement velocity, however, in a more appropriate modality (Huang et al. 2005; Welch and Warren 1980) , as audition is made to detect temporal information (Kapur et al. 2005; Kramer 1994 ). Intersensory facilitation (Carson and Kelso 2004) and multimodal integration (Alais and Burr 2004; Ernst and Banks 2002; van Beers et al. 1999 ) may have contributed to successful multimodal learning with audiovisual feedback (Seitz and Dinse 2007; Shams and Seitz 2008) . The sonification also represented an absolute spatial variable, i.e., the horizontal oar angle. Thus, also spatial information was represented redundantly to the visual feedback. Indeed, learning of the spatial error during recovery was significant in VA (Table 2) . Thus, the addition of movement sonification to the visual feedback allowed effective learning of spatial and temporal aspects in parallel.
Conclusion and outlook
The concurrent unimodal visual as well as the multimodal audiovisual and visuohaptic feedback designs in this study fostered learning of a complex, real-world task. In general, the effectiveness of augmented feedback might not exclusively depend on the feedback frequency. More likely, motor learning benefits from feedback that guides the focus of the learner on the source of information that is needed to recall the movement in conditions without feedback. It is likely that it is not the feedback modality per se that determines learning success, but the design of the feedback. In future studies, the contribution of specific parameters and features of the feedback designs to learning should be determined. Concerning the visual feedback, it remains unclear if the addition of a trace providing terminal feedback, blurring of the target, or the display of only the actual oar during correct movements allow transfer of skills to the non-feedback conditions. Furthermore, the mechanisms of the sonification that facilitate the recall of the movement after training should be identified. The potential of haptic feedback to involve a learner can be further exploited, also in combination with sonification.
The findings of this study confirm that conclusions concerning concurrent feedback and on the guidance hypothesis drawn from studies on a simple task do not necessarily transfer to complex tasks. Although laboratory tasks are low-dimensional, artificial, and therefore straightforward to investigate and very valuable for basic motor learning research, they do not represent movements in real life, which, by way of contrast, are commonly multidimensional, complex and performed in a real, contextual environment. Since the effort to conduct studies on the effectiveness of concurrent feedback for complex, real-life tasks learning is huge, investigation has been rare or even nonexistent regarding multimodal feedback. However, further studies on complex, real-life tasks could contribute to the optimization of augmented feedbacks in sports and rehabilitations. It should be tested whether conclusions drawn from the results of this study on learning trunk-arm rowing can be transferred to learning of other tasks in sports and rehabilitation.
